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(57) Abstract: A variable displacement hydraulic/pump motor has a yoke with a pair of shafts aligned to define a yoke pivot axis 
and connected lo a valve plale therebetween having intake and discharge apertures. A rotaiable cylinder barrel has piston cylinders 
^5 open at one end to receive a piston head and opening through fluid ports at another end, flush against the valve plate surface. A drive 
block is mounted on an input/output shaft for rotation about a central, axis of rotation inclined at an angle relative to the longitudinal 
axis of the cylinder barrel which may be changed by a drive engaging the yoke at a point near its pivot axis. Loads on bushings 
supporting the yoke shafts are reduced by providing radially extending fluid ports in the shafts and in communication .with the 
intake and discharge apertures of the valve plate. 
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HEGH-EFFTCIENCY, LARGE ANGLE, VARIABLE DISPLACEMENT 
HYDRAULIC PUMP/MOTOR 



Held of the Invention 

[0001] The general field of application of the invention is in power transmission devices, 
particularly variable displacement pump/motors for hybrid automotive use. 

The Prior Art 

[0002] The growing utilization of automobiles greatly adds to the atmospheric presence 
of various pollutants including oxides of nitrogen and greenhouse gases such as carbon dioxide. 
Hybrid powertrains have been proposed in a quest for approaches which could significantly 
improve the efficiency of fuel utilization for automotive powertrains. 

[0003] Hydraulic pump/motors are suited to many power transmission applications. An 
emerging application of Ihese devices is in hybrid powertrains for automobiles. An example of 
such an application is disclosed in U.S.JPatent 5,49S,912,rHybridPowerterin Vehicle" (Gray et 
al). U.S. 5,495,912 discloses a drivetrain in which an internal combustion engine provides 
prime power to a hybrid vehicle while a subsystem consisting in part of one or more variable 
displacement hydraulic pump/motors serves to store engine power as pressurized fluid in a 
hydraulic accumulator at times of low road power demand, and to redeliver power from the 
accumulator at times of high road power demand. 



f 



WO 2004/081380 PCT/US2004/005661 

[0004] In attempting to incorporate prior art pump/motors into such a system, one finds 
that such pump/motors are designed for specialized applications such as heavy equipment, 
industrial machinery, and aircraft control. The dominance of these applications has resulted in a 
predominance of designs that provide either a fixed displacement or, for those with variable? 
displacements, relatively low peak efficiency limited to a relatively narrow band within the 
allowable range of speeds and displacements. Unfortunately, the duty cycle that is likely to be 
encountered in a hybrid automotive application would favor a design that can provide a high 
efficiency over a particularly broad range of variable displacement and speed Moreover, if such 
devices were to-be widely incorporated into automobiles, mass market pressures would.caUfor 
higher quantity production and lower unit cost than is currently available for these devices. . Also, 
automotive applications benefit grratly. from reduced weight and volume. As a result,- * - . 
pump/motor designs of the prior art have frequently been found to be poorly suited to hybrid 
automotive power transmissions which are more demanding in terms of (1) maintaining high 
efficiency over a wide range.of disjplacements and speeds, (2) adaptability to low cost, quantity. ' 
production, and (3) for a specified power level, minimu m weight and volume. 

[0005] To fully understand the source of these limitations of prior art it is helpful to 
review the elements of variable displacement pump/motor design and in particular how their 
displacement is established. 
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[0006] Hydraulic pumps and hydraulic motors transmit power by conducting pressurized 
fluid between low pressure and high pressure reservoirs. Hydraulic pumps and motors of axial 
piston design are among the most efficient For example, bent axis designs employ a rotating * 
cylinder barrel containing a plurality of cylinders (typically seven to nine), which receive ar> 
assembly of reciprocating pistons (relative to the barrel). The pistons transfer power- to and from 
an output/input shaft by their connection to a drive plate or drive block to which they are . 
pivdtably connected typically by ball and socket joints. In many designs the cylinder barrel and 
drive block are additionally connected by a universal joint . 

[0007] The basic design of most axial piston pumps and motors potentially allows them 
to operate both as a fluid pump and as a motor, and so these devices are. often referred to as . 
pump/motors. When acting as a pump, mechanical power from an external source acts on a 
rotating input shaft which drives the piston/cylinder assembly in a way that creates reciprocatory 
motion of the pistons.that in turn results in the pumping; of fluid from a low pressure source to a .* 
high pressure source. When acting as a motor, fluid from the high pressure source flows in a 
reverse manner through the piston/cylinder assembly to the low pressure source, causing a 
reciprocatory motion of the pistons that delivers mechanical power to the rotating shaft which 
now acts as an output shaft. • 

[0008] The displacement of a hydraulic pump/motor (expressed in units such as cubic 
centimeters of fluid per revolution of the shaft) is established by the relative angle between the 
axis of the cylinder barrel which receives the pistons and the axis of the drive block on which the 
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pistons act and are retained. Because the cylinder barrel and the drive-block rotate together and 
are connected by the piston rods, the angle between them determines the stroke of the pistons and 
hence the displacement per revolution. In a fixed displacement design, for example, that of the 
type described in U.S. Patent 4,579,043 (Rexroth), the angle is fixed and thus the displacement is 
fixed. In a variable displacement design, of which U.S. Patent 5,488,894 describes one example, 
the angle can be varied during operation through an actuation means that varies the angle 
between the axis of the cylinder barrel and the axis of the drive block, thereby altering the 
displacement In general, the larger the angle between the axes of the cylinder barrel and drive 
block, the longer the stroke of each piston per revolution;- and hence the larger the total 
displacement per revolution. Conversely, zero displacement's approached when the axis of the- 
cylinder barrel and the axis of the drive block approach a parallel alignment, which causes the 
stroke of the pistons to. approach zero. Some designs not only accommodate such a zero 
displacement or "idling" position, but also allow the axis to proceed beyond.this position in a 
condition referred to as "over center", which results in a change in Mode from motor to pump or 
pump to motor depending on whether the angle achieved is on the positive or negative side of the 
parallel condition. The machine described in U.S. Patent 4,991,492 is one example of the "over- 
center" type. 

[0009] The prior art is dominated by two alternative methods for achieving a variable 
angle between the axes of the drive block and cylinder barrel. One method, commonly known as 
the swash plate design, varies the angle of a pivotable swash plate, which is a drive block that 
pivotably connects with the input/output shaft. The other, called the bent-axis design, instead 
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pivots the cylinder barrel with respect to the drive block which remains at a fixed angle relative 
to the shaft. Hie bent-axis design houses the cylinder barrel in a cylinder body that pivots about 
a pivot point and provides fluid entry and exit through communication with a valve plate near the 
free end of the cylinder body. Hie bent-axis design is generally considered to provide better 
overall efficiency compared to other designs (for example, refer to the table of typical 
efficiencies provided in U.S. Patent 4,271,725) and for this reason. could be considered as better 
suited for automotive applications. Therefore," the bent-axis design is considered the mast 
relevant prior art for the present invention. 

[0.010] The efficiency of the best conventional bent-axis designs peaks at values in 
excess of 90%, but only over a small portion of their allowable range of speed and displacement. . 
At larger or smaller displacements and speeds, efficiency falls off dramatically. This narrow 
range of peak efficiency is a limitation encountered by other, designsas well. Below about 50% 
of maximum displacement, mechanical losses and fluid compressibility losses become dominant: 
sources of inefficiency. At larger displacements, the influence of the mechanical and 
compressibility losses are minimized by the longer pistoii; stroke associated. with larger 
displacements, but especially at higher speeds, flow losses become more significant 

[0011] With consideration of the basic design features of hydraulic pump/motors, the 
shortcomings of prior art designs in providing the above-mentioned desirable attributes for 
automotive applications will now be examined in turn. 
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(1) Large Angle for Maximum Displacement and Broad Range of High Efficiency 



[0012] Hie design of prior art pump/motors imposes a number of obstacles that limit the 
achievable range of variable displacement angle. * Topically, the rnaximiirn angle is limited by 
factors such as geometry or material properties that limit the bend angle, and by performance 
considerations that diminish, efficiency or practicality. Due to these constraints, all variable 
displacement hydraulic pump/motors are limited to some maximum allowable angle. Prior art 
bent-axis designs rarely exceed a maximum angle of 30 degrees with about 25 degrees of 
variation, with the largest known maximum angle only about 40. degrees with 32 degrees of 
variation.. 

[0013] • Another constraint is imposed by the need for the cylinder body (i.e., the barrel) 
to maintain communication with a fluid source throughout the allowable angle of. pivot This is 
most rarnrnonly achieved; via a: sliding connection between the barrel back plate, having fluid 
ports and the fixed fluid ports in the pump/motor body. The finite size (to avoid excessive 
leakage) and fixed location of the fluid ports impose a limit on the maximum displacement angle 
because they must remain in communication with the moving barrel block plate at all of its 
positions without introducing undue fluid flow restrictions at the extremes. 

[0014] Yet another constraint of most prior art designs stems from the fact that bent r axis 
units of the prior art typically pivot the cylinder body by use of a linear actuator acting on the 
outer arc of the angle through which the body can travel, that is, near the free end of the'cylinder 
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body. Here, to sweep the body through a large displacement angle requires a long actuation 
stroke owing to the longer chord of the arc of travel at this location. The need for a long 
actuation stroke prompts an increase in the dimensions, of the control head which in turn leads to 
an undesirable increase in the overall dimensions of the machine. It is known in the prior art that 
actuation means may be relocated away from the outer arc toward the .pivot point of the cylinder 
body, for example as described in U.S. Patent 4,893,549 in which the device employs two 
counteracting servo* pistons'acting near the midpoint of the cylinder- body. However, this 
innovation did not relocate actuation optimally close to the pivot point, and in fact was employed 
in'a conventional back-plate-design, rather than in" a yoke design. • 

[0015] It is known in the prior art that fluid flow may alternatively be providedihrough 
passages within a yoke which houses die cylinder barrel and moves the barrel through its pivot 
angle. (Vickers bent axis pumji motor AA606). This design can reduce the flow-related limit . 
on pivot angle because it eliminates the necessity for fluid to be conducted through ports along a 
sliding interface with the back plate. Instead,' fluid may enter through a point on the yoke, for 
example at its pivot point Another example of this type hf design may be seen in U.S. Patent 
4,991,492. In this example, a sliding contact with the outer case is retained for guidance and . 
only one side of the yoke is used for fluid conduction. In other yoke-based designs, both sides of 
the yoke contain fluid passages, and the travel of the yoke is guided primarily by the retention of. 
the yoke pins on which the yoke pivots. 
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[0016] But even in yoke-based designs, several additional constraints continue to act to 
limit the maximum angle. The use of a yoke does not prevent physical interference between 
parts such as the piston rods and the cylinder walls as the angle increases. Other geometric limi ts 
primarily involve the design of the cylinder barrel/drive block interface, in particular the design 
and arrangement (i.e., packaging) of a sufficiently strong universal drive joint mechanism, the 
connection rod retention mechanism that joins the piston rods to. the drive block (usually . 
spherical balls in the ends of the rods pivoting in sockets in the drive platefolock), and the 
relative diameters of the barrel cylinder centerline and the driveplate ball socket centerline. (For 
example, . to achieve a larger displacement angle without encountering interference between the 
piston connecting rods and the bottom edges of their cylinders, the diameter of the piston ball 
socket centerline should be increased with respect to that of the cylinder bores.) Also concerns 
about possible barrel tipping at the Valve plate interface with the higher piston side forces on the 
barrel, acting at greater distances from the barrel to valve plate interface (witbuthe longer piston 
strokes), tended to discourage the pursuit of high angles, 

Ha> Minimizing Flnw and Compressibility Losses and Fluid Leakage 

[0017] In normal operation as the cylinder barrel/drive block assembly rotates, the angle 
at which an individual piston rod will be inclined with respect to the walls of its cylinder will 
typically vary by 2 to 3 degrees, as the rod sweeps through a cone-shaped path with each 
revolution of the assembly. The magnitude of this variation or "wobble" is governed primarily 
by the angle of the barrel to the drive plate and the difference in the diameter of the centerline of 
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the ball sockets on the drive block and the centerline of the cylinder bores in which the pistons 
reciprocate. Because as previously mentioned the diameter of the ball socket centerline should 
be increased relative to that of the cylinder bores in a large angle design, the pistons rods are 
likely to encounter wobble angles of "5 to 6 degrees or more. 

[00 1 8 J Increased wobble angle leads to two issues associated with large, displacements. . 
First, a large wobble means that the pistons reciprocate at a larger angle with respect to. the 
cylinder, transmitting higher side forces to the cylinder wall, potentially increasing wear, and also 
increasing the possibility of fluid loss by tipping. Second, a larger wobble -angle may lead to. • 
increased leakage past the piston head depending on the method by which: the piston h$ad attains * 
a seal with the cylinder" walls. Leakage past reciprocating surfaces is typically addressed by the •. * 
design of the piston head to include a secondary sealing means such as metallic or polymer rings. 
Li designs that employ a pivoting connection between piston head and connecting rod, such rings 
are commonly employed but continue to allow some leakage especially as -cylinder wear- 
accumulates, hi prior art designs that employ a rigid connection between piston head and ■ 
connecting rod, any tilt in the piston leads directly to an etjual tilt in the piston head. This 
complicates the problem of attaining a reliable seal due to the difference between the circular 
shape of the piston head and the elliptical shape of its interface with the cylinder wall when the 
piston headis tilted. In at least one commercial design attributed to VOAC, a number of circular 
metallic rings with variable eccentricity are employed to approximate such a seal, but this design 
is still prone to significant leakage even at relatively low angles. 
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[0019] • Another impediment to maintaining good flow efficiency at a large displacement 
angle stems from the need to provide largp fluid flow rates into and out of the cylinder barrel at 
large displacements and speeds. This is" due to the increased stroke of the pistons at large 
displacement angles compared to the smaller stroke at small displacement angles. Previous • 
designs have met with limited success in enlarging the fluid ports to accommodate high flow 
rates. 

(lb) Minimizing Mechanical Losses 

[0020] Friction is a dominant cause 6f mechanical ldss, encountered, at reciprocating ... 
surfaces such as the piston head/cylinder wall interface, interfaces such as Ihe .cylinder . 
barrel/valve plate, the ball sockets by which the piston rods are retained on the drive block, 
bushings on which the yoke pivots, and bearings which react the forces imposed by the pistons • 
on the drive plate which is supported by the input/output shaft. Of particular concern is ftiction 
at the ball sockets because reducing friction at this complex interface is also critical to increasing 
the life cycle of the device. Providing reliable lubrication\at this interface would reduce losses 
significantly but has proven to be difficult to achieve. 

(lc) Minimizin g Tipping: 

[0021] The issue of tipping becomes problematic at large displacement angles because 
side forces exerteii on the cylinder barrel by the reciprocating pistons tend to increase as the 
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displacement angle increases, and their leverage increases as the angle causes them to act at . 
greater distances from the barrel to valve plate interface. Since the cylinderbanel must be free to 
rotate within the yoke, there are only a limited number of options for providing resistance to side 
forces to ensure that the barrel remains properly seated. The primary method employed in the 
prior art is a hold-down device which rotatably clamps the barrel to the valve plate on which it 
rotates. Increased'hold down force is therefore, one option, to prevent tipping, but this technique • 
would increase the normal force acting on the interface between barrel and valve plate and thus • 
lead to increased losses due to friction. 

(2^ Quantity Production . 

[0022] None of the dominant applications of hydraulic pump/motors strongly demand 
optimization of unit cost in quantity production. Because prior art pump/motor designs that are . 
currently being manufactured are marketed to a relatively small market compared to the potential 
size of the automotive market, aggressive design optimization to reduce unit cost lias not been a 
high priority because under these conditions such an effort niay not be cost effective. As a result, 
there exists significant room for improvement in manufacturing and material costs for such 
devices. 
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ffl Minimum Weight and Volume 

[0023] One trait of most currently.produced designs is their rugged, heavyweight nature. 
In heavy equipment applications, ruggedness and weight are positive attributes due to the 
environment in which these devices are likely to be used. Stationary industrial applications do 
not require these traits as explicitly but, conversely, are not likely to suffer from them- . As a 
result, reduction of weight does, not appear to have been a priority in the dominant commercial 
designs. Likewise, minimization of package volume is not a critical concern in heavy equipment 
or industrial applications. Although aircraft control applications do call -for lightweight and small 
volume, this application is the smallest fraction of existing -usage and has not led tocommereially 
viable lightweight and compact designs for other applications. ..- 

[0024]. One reason for the large, weight of prior art yoke-based designs is the need to - • • 
resist distortive forces that act upon the yoke during normal operation as well as the large amount 
of force that must be resisted by bushings on which the yoke pivots (the origin of these forces 
will be discussed in a later section). These forces migjit be reduced if they could be balanced 
properly. The provision of a balancing force in reaction to varying pivot angles is known in the 
prior art. For example, U. S. Patent 5,182,978 provides the drawing out of high pressure fluid to 
a hydrostatic radial or thrust bearing in response to changes in pivot angle. 
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[0025] In summary, the:emergpnce of hybrid automotive applications of variable 
displacement hydraulic pump/motors provides a strong motivation to provide a bent-axis 
pump/motor design having a large maximum displacement angle and broad range of 
displacement variation, a broad band of speed and displacement at which high efficiency may be 
maintained, adaptability to quantity production at low cost, and minimum weight and volume. 

SUMMARY OF THE INVENTION 

[0026] The present invention, achieves higher efficiencies over a broader range.of 
displacement scad speed than prior art due to the much higher displacement angles achieved by 
the incorporation of several novel design features. For a given displacement, the large angle of 
the present invention allows reduced piston diameter, reduced barrel diameter, reduced bearings 
size, reduced valve plate to barrel contact area, lower piston forces and lower ball to socket, 
forces (all resulting in reduced friction and reduced cost)v 

[0027] Important to achieving high efficiency across small- and large displacements is the 
discovery of effective strategies for (la) minimizing flow and compressibility losses and fluid 
leakage, (lb) minimizing mechanical losses, and (lc) minimizing the chance of tipping. 
'Tipping" is a mode of fluid leakage that presents a higher risk at large angles, caused by 
momentary unseating of the cylinder barrel from the valve plate on which it normally rotates. 
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{0028.] The present invention is based in part on a realization that a large displacement 
angle provides advantages for mechanical and hydraulic efficiency. A large displacement angle 
provides a longer stroke for each piston, which allows a smaller diameter piston and cylinder and 
a smaller piston notch circle, leading to lower fluid leakage losses and lower piston loads which 
in turn lead to' less friction in the lower ball socket of each piston rod. A- smaller piston notch 
circle also leads to lower valve plate leakage and lower friction torque- on the valve plate. The 
invention therefore attains the maximum possible displacement angle by overcoming the 
shortcomings encountered in the prior art. 

[0029] The present invention balances the forces on the bushings which support *he yoke, 
pins through. use of slanted O-rings raJher than by a variable throttle or control valve employed in 
the prior art 

(1) Large Angle for M aximum Displacement and Broad Range of High Efficiency 

[0030] The present invention provides several approaches, which can be adopted alone 
or in combination, to achieve a larger displacement angle than was attainable in the prior art 
First, a novel mechanism for displacement actuation is employed and is relocated to a point 
nearer the pivot point of the yoke, as compared to prior art, in order to improve the ability to 
reach large angles within a reasonable actuation stroke length. Second, the potential for 
interf erence among certain parts at large displacement angles is reduced by increasing the 
diameter of the circle on which the piston retention ball sockets lie relative to that of the circle on 
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which the cylinder bores are arranged. Third, the .retention plate is tapered and the .piston 
connecting rods are tapered to further prevent interference of these parts. Finally, a new design 
for the universal joint increases its maximum bend angle without interference with, other 
components. 

[003 1] Accordingly, the present invention provides a variable displacement hydraulic 
pump/motor including a yoke formed of a pair of shafts aligned to define a yoke pivot axiSi a pair 
of arms having first ends located on the pivot axis and respectively fixed to the shafts. The arms 
extend perpendicular from the shafts to second ends where they connect with a valve plate 
extending therebetween. The valve plate presents a valve plate surface having intake and 
discharge^apertures. A 'cylinder is mountedfor rotation about a longitudinal axiswith a plurality 
of piston cylinders formed therein in a circle centered on the longitudinal axis. Each piston 
cylinder is open at one end to receive the piston reciprpcably mounted -therein and has a cylinder 
opening at a.secohd end of the cylinder barrel which presents. a face mounted flush -against the 
valve plate surface of the yoke, whereby the cylinder openings come into communication 
alternately with the intake and discharge apertures as the cylinder barrel rotates. A drive block is. 
mounted on one end of an input/output shaft for rotation about a central axis of rotation which is 
inclined at an angle of inclination relative to the longitudinal axis of the cylinder barrel. Each of 
the piston cylinders has a piston mounted therein and connected to a first end of a piston rod with 
a second end of the piston rod pi votally connected to the drive block, the second ends forming a 
circular array within the drive block centered on its axis of rotation. The yoke can- be pivoted to 
change the angle of inclination by meajts engaging at least one of the first ends of the arms. In a 
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preferred embodiment, the drive block includes a body having sockets with socket openings at 
one surface and a retention plate, the retention plate having openings -corresponding to and 
smaller than the socket openings, with balls fixed to the second ends of the piston rods retained 
within the sockets by the retention plate. The retention plate isthinned adjacent atleast one" of 
the plate openings so as to allow for a greater displacement angle* i.e., angle of inclination. 
Preferably, the circle defined by the piston cylinders in end view, centered on the longitudinal " 
axis of the cylinder barrel, has a diameter which is smaller than the diameter of the circular array 
of sockets in the drive block. 

(la) Mi^TTTiizi ng How and Compressibility Losses and Fluid Leak age. 

[0032] Leakage and other fluid related losses especially at high displacement angles can 
be minimized by any or all of several additional innovations. . First, a novel single piece piston . 
(the piston body does not pivot relative to the rod) with a defbrmable polymer seal ring is 
employed to reduce the potential for fluid losses past the piston that become a concern as the 
piston head pivot angle increases with increase in displacement angle. Second, a design* referred 
to herein as "extreme porting" maximizes the size of the fluid ports on the cylinder barrel to 
accommodate the higher flow velocities associated with large displacement angles, partially 
enabled by -minimizing the separation distance between cylinders. Finally, the pump/motor oase . 
is pressurized to a pressure equal to that of the low pressure accumulator, allowing any leakage . 
that does occur to flow directly into the low pressure accumulator. 
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{0033] Accordingly, the present invention provides a variable displacement hydraulic 
pump/motor including a yofce formed of a pair of shafts aligned to define a yoke pivot axis and a 
paif of arms haying first ends located, on the pivot axis and respectively fixed to the shafts. * The 
arms extend perpendicular from the shafts to second ends where they connect with .a valve plate 
extending therebetween. The valve plate presents a valve plate surf ace having intake and 
discharge apertures./.. A cylinder.is mounted for rotation about a longitudinal axis with a plurality 
of piston cylinders.fonned therein. in a circle centered on the longitudinal, axis. Each piston 

: . • 

cylinder is open at one end to receive the piston reciprocably mounted therein and has a cylinder 
opening at a second end of the cylinder barrel which presents a face mounted flush against the 
valve plate surface pf the yoke, whereby the cylinder openings come into communication *• 
alternately with the intake and discharge apertures as the cylinder barrel rotates. . A drive block is 
mounted on one end of an input/output shaft for rotation about a central axis of rotation which is 
inclined at an angle of inclination relative to the longitudinal axis of the cylinder barrel. Bach of 
the piston cylinders has a piston mounted . therein and connected to a first end of a. piston rod with 
a second end of the piston rod pivotally connected to the drive block, the second ends fomung a 
circular array within the drive block centered on its axis of rotation. The yoke can be pivoted to 
change the angle of inclination by means engaging and rotating at least one of the first ends of 
the arms (located proximate the. pivot.axis). 

[0034] In a preferred embodiment, the drive block includes a body having sockets with 
socket openings at one surface and a retention plate, the retention plate having openings 
corresponding to and smaller than the socket openings, with balls fixed to the second ends of the 
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piston rods retained within the sockets by the retention plate. The- retention plate is thinned 
adjacent at least one side of each of the plate openings so .as to allow for a greater displacement . 
angle, i.e.^.angle of inclination. Preferably, the circle defined by the piston cylinders, in end view 
centered on the longitudinal axis of the cylinder barrel, has a diameter which is smaller than ? *the 
diameter of the circular array of sockets in the drive block. 

[0035] Each of the cylinder openings is defined by radially inward and radially otrtward 
arcuate surfaces and generally radially extending surfaces joining the arcuate surfaces. The 
arcuate surfaces are spaced apart* with the center of the spacing located radially outward of the. 
central longitudinal axis of the cylindejr bore " with which the cylirideropenHig;is in . 
communication. Inan end-view cross^sectibn, the radially outward arcuate surface -extends 
circumferentially substantially beyond die cross-section of the associated cylinder bore. 

[0036] As rioted above, if is preferred that the structure further include.the. 
aforementioned single piece piston and that the pump motor have a hermetically sealed case to 
maintain lubricant therein at an elevated pressure. 

(lb) Minimizing Mechanical Losses 

[0037] Mechanical friction losses may be reduced by several of the features of the large 
angle design including (for a given displacement pump/motor) (1) reduced piston diameter, <2) 
reduced forces on the piston rod ball sockets, <3) reduced area of barrel to valve plate contact, 
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and (4) reduced forces, on the bearings of lie input/output shaft 

[0038] la one preferred embodiment, mechanical efficiency, especially at high 
displacement angles, is improved by the use of novel lubrication means for the ball sockets on 
which the connecting rods pivot (e.g.; higher than prior art case pressure). The loads acting on 
the yoke bushings and* the bearing surface area of the yoke bushings are reduced by a novel 
means for balancing yoke forces.that must otherwise be borne by the bushings, which lias ttie 
effect of reducing the amount of friction encountered at the bushings. 

[0039.] Accordingly, in yet another aspect, the present inventi.on providea a variable 
displacement hydraulic pump/mokHr-includitig a yoke having a. pair of axially aligned shafts 
which define a pivot axis for the yoke and a valve plate intermediate, connected to and axially 
offset relative to the shafts. The valve plate presents a valve plate surface havinjg a pair of arc-: 
shaped intake and discharge apertures. A radial port is formed in. each:of the shafts in 
communication with a fluid passage internal to the yoke and communicating with 6ne of the arc- 
shaped apertures, whereby fluid flows through the radial j>orts perpendicularly to the pivot axis. 
As described above, the pump/motor further includes a cylinder barrel rotatable about a 
longitudinal axis and having a plurality of piston cylinders formed therein in a circle centered on 
its longitudinal axis. Each piston cylinder is open at one end of the cylinder barrel to receive a 
piston reciprocably mounted therein .and opens at a second end of the cylinder barrel through a 
fluid port The second end of the cylinder barrel is mounted flush against the valve plate surface 
for intake of fluid from one arc-shaped intake aperture to a fluid port in communication with one 
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of the piston cylinders and 'discharge .of fluid from another of the piston cylinders through another 
aiCTshaped discharge aperture. The pump/motor further includes a drive block and pistons 
respectively mounted within the piston cylinders, as described above. 

[0040] The pump/motor preferably further includes a pair of O-ring seals on each of the 
shafts and on opposing sides of a radial port The O-ring seals of each pair are slanted in . 
opposite directions at an angle of approximately 5-30 degrees to a plane perpendicular to the- 
pivot axis. These O-ring seals are mounted so that they most closely approach each other at a 
point opposite the valve plate end of the yoke. 

C\c\ MinimiTinfi Tipping 

[0041] In the preferred embodiments, prevention of tipping at high displacement angles 
is achieved impart by use of a flared-base cylinder barrel with a narrow bushing surface on* the ■.. 
outside edge that increases the "lever arm" of the base of the cylinder barrel in relation to the 
location of the side forces exerted by the pistons reciprocating in the barrel. The design and * 
location of the barrel post bearing may also be optimized; . Either or both of these approaches 
increase the resistance of the barrel to resultant forces that would cause tipping. Additionally, the 
fluid ports on the base of the flared cylinder barrel may be relocated slightly outward toward the . 
outer circumference of the cylinders to increase the normal fluid reaction forces at the ports 
which oppose the piston side forces, further resolving the forces that lead to tipping. 
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[0042] Accordingly, in another aspect the present invention provides .a yoke including a 
pair of shafts, aligned to define a yoke pivot axis, a pair of aims having first ends respectively 
fixed to said shafts and a valve plate, having intake and discharge apertures, connected to and 
extending between second ends of the arms. A cylinder barrel has one end flared to an end face 
larger than an end face (unflared) at the opposite end of the barrel. The cylinder barrel is 
mounted for rotation about a longitudinal axis and has a plurality of piston cylinders formed 
therein in a circle centered on the longitudinal axis. Each cylinder is open at the opposite end to , 
receive a piston reciprocably mounted therein and has a fluid port at the one end, whereby the 
cylinder openings come into communication alternately with the intake and discharge apertures -. 
' as the cylinder rotates. The one end face has a raised {axially extending) outer annular ridge. on 
or adjacent its outer periphery and a raised (axially extending) inner annular. grid-surrounding and 
isolating each of the cylinder openings. The outer annular ridge and the inner annular grid, 
radially spaced from the outer annular ridge, seal against .the valve plate. Of course, the raised 
sealing surfaces could be located on the valve plate with the barrel having a flat.surface face to 
achieve an equivalent effect. A drive block and piston rods, as previously described, connect 
with the cylinder barrel. 

(2) Quantity .Production 

[0043] Production cost in large quantities is improved by a number of features of the ' 
various preferred embodiments. The integration of several conventionally separate parts into the 
yoke is a primary feature of one preferred embodiment. Also, a simplified piston and rod ball 
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design reduces. the complexity of the pistons and tods, and may be adopted to further reduce 
manufacturing cost Additionally, in other preferred embodiments, a new universal drive joint 
mechanism (as well as improvement of the basic tripode configuration) reduces manufacturing . 
cost due to easier assembly and fewer parts-. Finally, in yet another preferred embodiment, the 
pressurized case reduces manufacturing cost by eliminating the need for a separate charge pump 
and holding tank. 

(3) Minimum Weight and Volume 

[0044] A numberof the innovations mentioned above tead to a reduction in weight and 
volume; However, the weight and volume of the device may be further reduced by any or aE.of * 
several additional innovations. First, by introducing fluid flow into the yoke through radial ports 
rather than end ports, the rigidity of the yoke assembly may be reduced because the forces, created 
by the radial flow into and out of. the yoke are more easily resolved and so do not impose as great 
a distortive force on the yoke. As a result, less material need be used in construction of the yoke, 
leading to smaller volume and less weight. Second, the use of a hollow drive shaft instead of the 
conventional solid shaft further reduces the weight of the device. Third, a slanted O-ring design • 
(discussed later) indirectly reduces weight and volume by reducing the necessary size and weight 
of the yoke bushings. Finally, the pressurized case reduces weight and volume by eliminating the 
. need for a separate charge pump and holding tank. 

. 22 



WO 2004/081380 PCTVUS2004/005661 

[0045] The invention provides significant advantages over prior art pump/motors, 
particularly in their use in hybrid powertrains for automobiles, but also in many other 
applications. Fust; the invention allows the achievement of larger displacements angles and a 
' larger range of variable displacements angles than are seen in any prior art designs, by removing 
many of the geometric and performance factors that limit bend angle in prior art designs. 
Second, the invention sustains a higji efficiency over a wider range of displacements and speeds ... . . 
than previous designs, particularly by minimizing flow and -compressibility, losses, minimizing . . . 
mechanical losses, and minimizing the chance of tipping- Third, the invention improves the 
ability to achieve quantity production at lower cost by incoiporating several cost and complexity. 
reducing concepts. Finally, the invention provides a bent-axis pump/motor having lower- weight . - 
and smaller volume than that of prior art designs. 

[0046]- In preferred embodiments an improved tripod design provides, a spherical bearing ■ 
surface in pl&ce of separate guidance pins, reducing difficulty .of assembly and manufacturing 
cost while allowing larger angles than previous designs. An alternative embodiment ball-disc 
flexible barrel drive shaft represents a further improvement in this regard. The outer portion of 
the retention plate is thinner than the inner portion in order to prevent interference with the barrel 
at large displacement angles, and the inner portion of the retention plate is more narrow then the 
outer portion in order to prevent interference with the piston connecting rods and ball joints at . 
large displacement angles. Preferably, the porting arrangement provides greater flow area in the 
cylinder ports at large angles. 
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[0047] In other preferred embcKHmehts higji efficiency at large angles, and across a Wide 
range of angles and speeds is achieved by (1) the use of a single piece.piston with rigidly 
connected head and deformable -polymer ring which provides a more reliable sealing surface than 
previous designs at a low manufacturing cost and (2) the use of a pressurized case to improve 
lubrication of the ball and socket area and to allow leakage to flow directly into the low pressure 
accumulator.. 

[0048] Mechanical efficiency at all angles is also improved by the improved pressurized 
case lubrication of the ball sockets on the drive plate. Further, a reduced yoke pin bushing size " 
may be adopte&to reduce friction in a new ybke design whidhinvolves radial porting and slanted 
O-rings for improved force resolution. 

[0049] Tipping may be further reduced by biasing of cylinder ports to the outer edge of ' 
the cylinder to improve force resolution and by adding to the barrel a flared-base with an outer 
edge anti-tipping bushing. 

[0050] Further reductions in manufacturing cost in large quantity production can be 
achieved by the integration of the back plate, yoke pins, actuator pinion, and the single-piece cast 
construction of the yoke. Also, the drive shaft bearing race is preferably integrated directly into . 
the drive shaft. Finally, the new tripode and ball-disc designs previously mentioned also serve to 
reduce cost 
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[0051] Reduced weight and greater compactness are provided by the preferred radial 
arrangement of yoke fluid ports, in contrast to the end porting arrangement known in previous 
designs. The unproved resolution of forces that results, reduces the potential for distortion of the 
yoke during operation, allowing for smaller and lighter construction. The use of a hollow drive 
shaft serves to further reduce weight of the pump/motor.. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0052] Fig. 1 -is £ cross-sectional view of a first preferred embodiment of the. hydraulic, 
pump/motor of the invention; 

[0053] Fig. 2 is a perspective view of the yoke of the embodiment of Fig. 1 showing the 
integrated valve plate, integrated yoke pins, and integrated actuator teeth which represent one 
example of means for yoke" angle adjustment; 

[0054] Fig. 3 is a cross-sectional view of the major components of a prior art bent axis ' 
hydraulic pump/motor, extended to an extreme angle to illustrate geometric limits encountered 
by such devices; 

[0055] Fig. 4 is a sectional view of the drive mechanism of the first preferred 
embodiment of the present invention in a position of zero displacement showing the cylinder 
barrel, two representative pistons, a portion of the tripode (the specific universal drive joint 
mechanism), and the drive block; 

[0056] Fig. 5 is a sectional view of the same components shown in Fig. 4 at rnflyi'mmn 
displacement; 
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[0057] Fig. 6 is a sectional view of a prior art piston; 

[0058] Fig. 7 is a sectional view of a prior art piston at an angle within its. associated 
cylinder as is commonly encountered during pump/motor operation; 

[0059] Fig. 8 is a sectional view of another prior art piston, also at an angle within its. 
associated cylinder common in operation; • 

[0060] Eig. 9 is a sectional view of a new single-piece piston in accordance- with .the 
present invention; 

[0061] Fig. 10 is a sectional view of the piston of Kg. 9 shown at an angle within its 
associated cylinder, .. 

[0062]- Fig. 11 is a sectional view of a prior, art tripode assembly; 

[0Q63] - Fig. 12 is a sectional. view of a tripode assembly in accordance with the. present - - 
invention; . 

[0064} Fig. 13 illustrates a.prior art cylinder port arrangement; 

[0065] Fig. .14 illustrates a cylinder port arrangement provided by .a novel cylinder barrel-, 
in accordance with a preferred embodiment of the present invention; 

[0066] Fig. 15 details the slanted O-ring system of the yoke pins of a preferred 
embodiment which provides hydrostatic balancing force to the yoke assembly; 

. [0067] Fig. 16 is a sectional view of an embodiment of the universal-joint barrel drive- . 
shaft, the ce ball~disc" design in accordance with the present invention; 

[0068] Fig. 17 is another sectional view of the universal-joint barrel drive shaft of Fig. 

16; 

[0069] Fig. 18 is an alternative embodiment of the new single-piece piston of Figs. 9 and 
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10, with a double ring configuration; 

[0070] Fig. 19 is a sectional view showing an alternative yoke pin with radial porting; 

[0071] Fig. 20 is a-perspective view of the yoke with yoke pins as shown in Rg. 19; 

[0072] Fig. 21 shows the ball-disc barrel drive-shaft of Figs. 16 and 17 installed in a ■ 
pump/motor of the present invention, inclined to 54 degree?; 

[0073 J Fig. 22 is an exploded view of a preferred universal joirit; 

[0074] Fig. 23 is a cross-sectional view of the universal joint of Fig. 22; 
. [0075] Fig. 24 is another cross-sectipnal view of the universal joint of Fig. 22; 

[0076] Fig. 25 is "a cross-sectional view of one end of a shaft of the trniyexsal joint of Fig. 
22; and. 

[0077] Fig. 26 & a cross-sectional view illustrating details of the universal joint of Fig. • 

22. • 

: DESCRIPnON OF THE PREFERR ED m^n piMENTS- 

[0078] First, the basic operation of the invention &hall be described by following the flow 
of fluid through -a representative embodiment of the invention depicted in Fig. 1 operating as a 
motor. 

[0079] Referring to Fig. 1, fluid at a high pressure enters at yoke radial port 1 and passes 
through fluid passage 2 within pivotable yoke 3. Both fluid passages 2 and 6 are preferably of 
constant cross sectional area. The fluid then enters the valve plate port 4 at which point it begins 
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to participate in a work-producing cycle. In tins cycle, high pressuie.fluid entering cylinder 10 
pushes reciprocating piston 11 downward which exerts a force on driveshaft (input/output shaft) 
14 causing it "to rotate. About half of the additional pistons {not shown) will also be participating 
in various stages of their power stroke at any given time. Simultaneously, piston 13 is takufg 
part in an expelling stroke (shared by. the remaining pistons),: traveling upward in cylinder 12 . 
acting to expel the now low pressure fluid from cylinder. 12.. This fluid exits through the opposite 
valve plate port 5, through fluid passage 6 and through yoke radial port 7 proceeding to a low . 
pressure fluid reservoir. 

[0080] Fig. 2 provides a clearer view of the ports of the yoke. The semicircular shape of 
valve plate ports 4 ^d 5 • and. the radial position of yoke radial ports L and 7 can be seen- clearly. . . 
Valve plate surface 18a provides a smooth lubricated surface on which the cylinder barrel (not 
shown) rotates and receives and discharges fluid from and to the yoke passages. A hold down 
device (not shown) is anchored in retention hole 15 and rotatahly clamps the cylinder barjeL19 
(Fig. 1) to the valve plate surface 18a. 

[0081] Referring again to Fig. 1, yoke 3 can be pivoted about the axis of yoke pins 8 and 
9 to achieve variable displacement. The mechanism by which this pivoting affects displacement, 
is visible more clearly in Figs. 4 and 5 which show cylinder barrel 19 housed rotatably within the 
cradle of yoke 3 viewed in line with pivot point 20 of yoke pins 8 and 9. In Fig. 4, yoke 3 is in a 
zero displacement pQsition in which it cradles the cylinder barrel 19 in a position parallel to the 
rotation axis 21 of drive block 22. If the cylinder barrel 19 and drive block 22 were now to be 
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rotated together, pistons 11 and 13 as well as the other pistons (not shown) would travel with 
them but remain stationary within their respective cylinders. In Fig. 5, yoke 3 has now moved to 
a maximum displacement position in which it now cradles cylinder barrel 19 at. an acute angle to 
rotation axis 21 of drive block 22. • Now, if cylinder barrel 19 and drive block 22 were to be- 
rotated about their respective axes,* the pistons 11 and 13 as well as the other pistons (not shown) 
would be forced to ipciprocate within their respective cylinders owing to the variation in distance 
between the surfaces of cylinder barrel 19 and drive block.22 as the assembly. rotates.. 

CD Large Angle for Maximum Displacement and Broad Range of High Efficiency 

[0082] Some of the limits of the prior art encountered in achieving.a large.angle can.be 
understood by referring to Fig. 3 which illustrates a prior art pump/motor (of -the preferred yoke 
design) extended to an extreme. angle. It can be seen that connecting rod 24. interferes with 
cylinder bottom edge 26 resulting. in a z^ne Qf interference 27. Similarly^ there is interference 
between retention plate 28 and connecting rods 24 and 25 illustrated by zones of interference 29 
and 30. Additionally, zone of interference 31 shows interference of barrel connector 38 with 
drive block 33. Finally, tripode guidance pins 34 and.35 are at an extreme angle and in this state 
may wander or fall out. - Guidance pins 34 and 35 serve to guide and center the relative 
movement among drive block member 36, central member 37 and cylindei* bane! 32. 
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[0083] The present invention eliminates the above and other problems described • . . 
previously by means of. several innovations. Fig. 5 shows the first embodiment of the invention 
extended to the same extreme angle as the prior art device of Fig.. 3. The tapered design visible 
in connecting rods 16 and 17 eliminates interference between connecting rods and cylinder 
bottom edges (yet is still strong enough to prevent rod bucldingX as illustrated by the lack of 
• interference between connecting rod 16 and cylinder bottom edge 41. The tapered design also . 
eliminates interference between connecting rods and the retention plate as illustrated by the lack 
of interference between connecting rod 17 and the inner edge of retention plate 42. Also, the 
tapering- of the outer, edge 43 of retentionplate 42 prevents interference at the outer edge of the . 
plate as indicated by the lack of interference with connecting rod 16. Optionally, the tapering of. 
outer edge 43 of retention-plate 42 could extend to both sides of the ball socket interface to . 
reduce the potential for interference even more on both sides of the ball joints. Fig. 4 shows 
clearly the optimum diameters of the centers of the ball socket end? of the rods 16 and 17 relative 
to the barrel 19 cylinders 10 and 12, i.e., the diameter of a circle around which the piston 
cylinders are arranged in an end view of the barrel is smaller than the diameter of the circular 
array of ball sockets in retention plate 42. 

[0084] The problem posed by the tripode guidance pins is alleviated by an improved 
tripode design which eliminates guidance pins. The prior art tripode design is illustrated in Fig. . 
11 in contrast to that of the present invention shown in Fig. 12. .In the improved design, guidance 
pin 46 (Fig. 1 1) has become guidance member 49 (Fig. 12) which is fixed to drive member 23 
and slides along spherical surface 52 at the left.end of central member 51. Also, guidance pin 47 
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(Fig. 11) has become integrated with banel connector member 50 (Fig. 12) and slides along 
spherical surface 53 of central member 51. In this embodiment, the now integrated guidance pins 
no longer can misalign or fall out at extreme angles, yet they continue to provide effective 
guidance by sliding upon the spherical surfaces of the central member 51. 

[0085] A large displacement angle is further enabled by ah improvement in the yoke 
pivot actuation means. Referring to Fig. 2, a yoke actuation pinion 56 having a gear sector 57 is 
located near the pivot axis of yoke pins 8 and 9. Yoke pivot is achieved by the control of pinion 
56 by a linear toothed rack within an actuator mechanism (not shown). The relocation of the ■ 
actuation mechanism to a point near the yoke pivot achieves' a greater angle of pivot per unit 
length of actuation stroke than is-possible by actuation mechanisms that act near the outer arc of 
the yoke pivot. In an alternate embodiment, actuation may be achieved by one or more similarly 
located hydraulic cylinder actuators in place of the illustrated gear sector 57 and rack, ■ 

(laV Minimizing Flow and Compressibility Losses and Fluid Leakage 

[0086] The problem of leakage associated with large piston wobble angles (for one piece 
piston/rdd designs) is largely dependent on piston design. Fig. 6 illustrates one prior art piston 
design preferred for use in the present invention. In the prior art design shown in Fig. 6, piston 
60 includes a piston head 61 with a number of metallic or polymer sealing rings 62a and 62b and 
a ball socket 63 which receives a rounaea ena 04a (Fig. 7) of a piston rod 64 secured by a -snap 
ring 65. Fig. 7 depicts the piston 60 of Fig. 6 at an angle within a representative cylinder 67. 
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When the piston 60 is traveling upward within cylinder 67 under the influence of compressive 
force 66, then a side force 68 is exerted on the inner wall of the cylinder 67 primarily at leading 
edge 69 of piston 60. There is a tendency for leading edge 69 to generate friction when rubbing 
against the cylinder wall under influence of this side force 68, leading to mechanical losses,- 
increased wear, and leakage over time. In additional, the small ball end 64a (small because of the 
need to fit within the piston 60) experiences extremely high loads (since the entire force.acting. 
on the piston 60 must be transmitted through this interface) and is prone to excessive wear and/or 
galling failure. 

[0087] Fig. S shows another prior art piston 70 suitable for use in the present invention. ■ 
A rigidly attached piston head 71 has a plurality of metallic rings 72 that somewhat loosely 
encircle the piston head 71. The round edge (spherical shape) of piston 70 serves to prevent 
binding and reduce wear on the cylinder wall 73. Because the piston 70 is integral with the 
connecting rod 74, when the connecting rod 74 is at an angle with respect to the cylinder wall 73, 
piston 70 is also tilted within the cylinder 73,' meaning that the interface between the piston 70 
and cylinder wall 73 becomes elliptical, making it more difficult to seal. The metallic rings 72 
provide a degree of Sealing because they are free to slide a limited distance off the centerline of 
the piston 70, so as to maintain an approximate seal between the piston and the elliptical cylinder 
cross section. As a.result, a relatively high leakage does occur, albeit less than would occur 
without the rings 72. 
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[0088] Pig. ^illustrates a new "single piece" piston 80 preferable design employed in the 
present invention, in preference to the prior art types of Figs. 6, 7 and 8. The term "single piece" 
as used herein refers to the rigid connection of the piston head to the connecting rod and not 
necessarily to a true single piece or "integral" construction. Rigidly attached piston head portion 
81a surmounts rod end 83a of a tapered connecting rod 83 and a deformable polymer ring 82. 
Piston head 81 consists of head.pprtion-81a and rod end 83a.and becomes spherical in shape, i.e., 
forms a : spherical section, as it approaches ring 82 to providelow friction back-up support for 
ling 82 in reacting against piston side forces. Connecting rod 83 is united with ball joint 85 
which is preferably a standard ball bearing. The polymer ring 82 has a spherical outer profile so : 
as to continue providing a complete seal with the cylinder citiss section even as the piston tilts 
through various angles. The polymer ring 82 is slightly deformable so.as to-.insure a complete 
seal without the need for. multiple rings and to compensate for any cylinder wear that may occur 
over time. The polymer ring 82 is approximately bisected by a plane 82a passing through the. 
spherical -qenter of piston head 81: By these means the new piston design provides improved, 
sealing at the wide wobble angles characteristic of a large angle device. Fig. 10 shows the 
improved piston of Fig. 9 at maximum angle within the cylinder. 

[0089] The need to accommodate high fluid flow rates at large displacements and high 
speeds is provided by the enlargement of the ports in the cylinder barrel. Fig. 13 shows a view of 
the port surface of a prior art cylinder barrel 32 where the cylinder barrel mates with the valve 
plate 39 (Fig. 3) of the yoke. Cylinder bores 40 receive and discharge fluid through ports 44 to ' 
valve plate 39. The new design is depicted in Pig. 14. In-order to accommodate larger fluid 
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flows, ports 96 are increased in cross sectional area: as much as possible, compared to ports .44 of 
Fig. 13, by increasing their radial dimension as well as their transverse dimension, with the . 
ultimate limit to the transverse dimension being the minimu m allowable thickness of web 48. 

(lb) Mimmi7rr ig Mechanical Losses 

[0090] Mechanical losses are minimized by reducing Mctionin.the ball socket interface 
between the ball joints 85 and the drive block ball sockets 85a and retention plate 42 (Fig. 5), in 
addition to the friction reductions features associated inherently with the large.angle design. The 
pressurized case feature of the invention, up to 200 psi, proyides inareaseid lubrication to the ball 
and ball socket interfaces. 

[0091] Mechanical losses -attributable to pivoting of the yoke are. ;also reduced by a 
reduction in the -load necessary to.be carried by the yoke bushings/bearings 8a, 9a-(Fig. 1). -The 
innovation by which this is achieved is closely related to another innovation more directly related 
to- reduction of weight and volume, and therefore it will be detailed more completely in that 
section. The nature of this innovation may be understood by referring to Fig- 2. In an assembled 
state, O-rings 101, 102, 105 and 106 provide sealing of fluid ports 1 and 7 and so the space 
between them is normally filled with a thin layer of pressurized fluid that exerts a force on the 
yoke pin joints and their bearing surface commensurate with the pressure of the fluid and the area 
of contact. It can be seen that these rings are slanted, in opposite directions, at an angle of up to 
30° to a plane perpendicular to the axis'of yoke pins ("shafts") 8 and 9, rather than concentric 

34 



WO 2004/081380 PCT/US2004/005661 

with the yoke pins, and as a result the width of the sealed juncture is not constant Because, of 
this, the resultant force exerted on the interface by the interstitial fluid varies with fluid pressure. 
The angle at which O-rihgs 101, 102, 105 and 106 are inclined is calculated to provide a 
hydrostatic counterbalancing force that matches the varying need for resolution of fluid reaction 
forces acting on the yoke to provide piston force, and the resultant radial forces that must be 
carried by the yoke bearing/bushings. This innovation reduces the maximum load experienced 
by the yoke.bushings 8a, 5a (fig. 1), thereby reducing the Mctipn of the bushings by (a) reducing 
the necessary size and hence bearing area of the bushings and (b) reducing the amount of load 
held by and hence theforce acting upon the. bearing area of the bushings. Furthermore, the radial 
position of -ports 1 and 7 leads to a reduction in weight of thfc yoke.(as detailejd later), which 
reduces the inertia of the yoke as it is pivoted to varying angles.. ..This reduces fee energy that 
must be expended toward the adjustment of displacement. • 

HcY Minimizing Tipping 

[0092] Prevention of tipping at high displacement angles is achieved in part by use of a 
flared-base cylinder barrel with an outer edge anti-tipping bushing. Referring to Fig. 5, it can be 
seen that cylinder barrel 19 has flared bottom edgel9a which provides a wider base than the. prior 
art cylinder barrel 32 of Fig. 3. The flared base bottom edge 19a provides additional resistance . 
to piston side forces that could cause tipping. For example, referring again to Fig. 5, when piston 
13 travels upward in cylinder. 12 under influence of compressive force 90, compressive force 90 
resolves into pumping force 92 and a side force 91 (not to scale) which acts on the cylinder 
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banel. If theresultant of all side forces exerted on all cylinders by all pistons at a given time is 
of sufficient distance from the base 19a of cylinder barrel 19 and of sufficient magnitude, 
cylinder barrel 19 may become momentarily unseated from valve plate surface 18a (Fig. 2); 
causing fluid to leak from this interface/ The wider base provided by flared bottom edge 19& 
increases the moment required to unseat cylinder barrel 19 by side forces and makes, tipping less 
likely than in conventional designs; However, if the entire increased area of cylinder barrel base 
19a (Figs. 4 and 5), as compared to the base of cylinder barrel 32 (Figs. 3 and 13)* were in. • 
contact with the yoke valve plate surface 18a, lower sealing pressures around the fluid ports 

r 

("cylinder openings") wtfuld result, "arid leakage across the larger .area would exert .gceater 
separation forces. Accordingly, as shown in Fig. 14, the preferred cylinder banel : .19-has raised . 
area 95 ("jspid") around the cylinder ports 96 to provide .high pressjjre sealing and peripheral, 
raised areas 97 on the outer edge 19a of the barrel 19, spaced radially outward from raised area 
95, to provide an anti-tipping contact bushing. Raised area or grid'95 is formed of radially 
inward arcuate surface 95a and radially outward arcuate surface 95b wWch.defineA.centedine 
95d radially outward of the central,. longitudinal axis 10a of piston cylinder 10, in contrast to the 
prior art of Fig. 13 wherein the centerline 44d of each arcuate cylinder opening port 44 is slightly 
radially inward of central longitudinal axis 40a of piston cylinder 40. Also the section of radially 
outward arcuate surface 95b (Fig. 14), which partially defines a cylinder opening port 96 for a 
single cylinder, extends circumferentially substantially beyond the cross-section of the associated 
cylinder 10, again in contrast to the prior art of Fig. 13 wherein the cylinder opening port 44, 
when completely uncovered, is wholly within the cross-section of the associated cylinder 40. 
Separations or gaps 9.8 between raised peripheral areas 97 allow any leakage through sealing area 
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95 to escape; to the case without exerting an additional separation force. 
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[0093] An additional change in the cylinder port design intended to further prevent 
tipping by improving the resolution of side forces, is shown in Fig. i4. Referring to Hg. 13, 
conventional cylinder barrel 32 having fluid £orts 44 which conductfluid into and. out of 
cylinders 40. In normal operation, fluid pressure within cylinder 40 acts on that area. 45 * 
remaining at the end. of cylinder 40 not open atport 44 and creates a f orcethat acts t>n. the. 
cylinder barrel 32 at the point of cylinder 40 that is the center of the remaining area 45. This 
force acts .to counteract some portion of any side force simultaneously .being exerted by a piston ■ 
on the cylinder 40. In -typical prior* art designs as depicted inTpig. 13, cylinder ports;44 are not *. : " 
centered pn.fte cylinder, bores.40 but, rather; are located slightly inward x>lthe -center of the 
cylinder bores. Fig. 14 depicts a new port design in which ports 96, as noted above,, are located 
further out toward cylinder barrel outer edge 19a, as compared to ports 44 in the prior, art design . 
of Fig. 13. As aresulti.the fluid forces created within cylinder 10 (and all others), are in abetter, 
position to counteract piston side forces being exerted on cylinder 10 (and all others) and hence 
cylinder barrel 19 is less prone to tipping. Hie resultant force within cylinder 10 would also be at 
the center of the remaining area 79. 

(2) Manufacture 



[0094] Several innovations improve the manuf acturing process and lower production 
costs as compared with the conventional pump/motor designs. 
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[009S] Referring to Fig. 1 , an array of roller bearings 100 rotatably support drive shaft 
14. Conventionally, the bearing surface of drive shaft 14 would be provided by a race that is 
manufactured as a separate part and assembled to drive shaft 14 as part of the assembly process, 
la the invention, it can be seen that drive shaft 14 does not have a separate race but instead has a 
bearing surface 14a machined directly into the shaft surface, eliminating the need to manufacture 
and assemble a separate-race. 

[0096] Similarly, the yoke has been designed to allow the integration of several parts that 
were previously manufactured separately and then assembled. . Referring to.K& 2, itcan be s$en 
that the yoke 3 is constructed -in- a single piece, preferably by 'a casting and machining process, . 
rather than" as multiple pieces as r is more conventionally done. Yoke pins 8 and 9. are integrated 
with the yoke, being provided with a proper bearing surface by a machining process. The valve 
plate surface 18a of back plate/yalve plate 18 is also machined directly into the yoke surface to 
eliminate the need for a traditionally separate part: Similarly, actuator pinion gear 56- is .also 
integrated with the yoke. Pinion teeth ("gear sector") 57 are machined directly into this yoke and 
locally hardened. 

[0097] The relatively large number of pistons that exist in a single pump/motor <as many 
as seven to nine or more) suggests that labor-intensive operations such as machining should be 
reduced for this part as much as possible. Referring again to Fig. 9, connecting rod ball joint 85 
is fashioned from a standard ball bearing and attached to piston 80 preferably by friction welding 
or by a simple threaded connection, in contrast to the conventional practice of precision 
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machining the ball as an integral part of the connecting rod piece. 
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[0098] The improved tripode design discussed previously and depicted in Fig. 12 further 
reduces the cost of manufacture by eliminating guidance pins 46 and 47 of Fig. 1 1, which 
significantly reduces the difficulty of assembly of the tripode. 

[0099] A pressurized (hermetically sealed) case reduces manufacturing cost by * 
eliminating the need for a separate charge pump and holding tank. Referring to Fig. 1, case 55 is 
maintained at a pressure equal to thatof the low pres sure. accumulator (not shown) .that receives 
low pressure fluid- (typically up to 200: psi) after it has been dsediri a power producing cycle; la 
conventional designs, fluid that leaks into the case resides in a very low pressure reservoir (or 
holding tank) that is maintained near atmospheric pressure, and a separate charge pump is 
required to recharge this fluid to the low. pressure accumulator. By providing a case pressure that 
is equal to. that of the low pressure r accumulator (on the order of 200 psi>, the charge pump and - 
holding tank are eliminated leading to further cost savings. 

(3) Yoke Radial Ports 

[0100] Referring again to Hg. 1, the flow of fluid into and out of yoke 3 is .achieved - 
through radial ports 1 and 7 through which fluid flows in and out perpendicularly to the pivot 
axis of the yoke, rather than parallel to it at its ends (i.e., axial) as known in the prior art. The 
advantages of a radial yoke port design over an end porting arrangement can be understood by 
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considering the forces exerted on the yoke 3 and the cylinder barrel 19 during a typical cycle. In 
an end ported design, as high pressure fluid enters one end of the yoke, the fluid exerts a force on 
the end of the yoke commensurate with the pressure of the fluid and as a result tends to squeeze 
the yoke inward. To effectively counteract this distortive force, the yoke must be of very strong 
and heavy construction, adding to the overall weight of the device, In contrast, the fluid forces 
exerted on a yoke having radial ports will act in a direction perpendicular to the rotation axis of 
the yoke, which allows the fluid force to be opposed by bearings about which the yoke, pivots, 
reducing the distortive phenomenon and reducing the need for as strong and heavy a construction 
for the yoke. 

[0101] Furthermore, radial porting provides an opportunity to further balance the.forces. . 
acting on the yoke so that a much smaller bushing with a lighter load rating may be used 
(although this can also be utilized with axial porting), additionally reducing the weight of the 
device. Fig, 15 details. the mechanism by which this balancing is accomplished.. O-rings 101 and 
102 (or other seals) seal radial port 1 in yoke pin 3, creating a film of pressurized fluid in 
interstitial spaces .103 and 104. Because O-rings 101 and 102 are slanted at a specific angle, with 
the area of interstitial space 103 being appropriately greater than the area of the interstitial space 
104, there is a greater force acting on the yoke pin 8 from space 103 than space 104. As the yoke 
3 pivots through different displacement angles the direction of the net force follows the direction, 
of the force from the yoke to be reacted at the pins, since the O-rings move with the yoke pin. 
Since the fluid existing in the space between the O-rings is always of the same pressure as the 
fluid entering or exiting the yoke radial ports 1 and 7, the difference in area results in a resultant 
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force being exerted on the yoke 3 which varies in accordance withthp.amount of force being 
experienced by the yoke. As a result, the magnitude of force that must be resisted by the 
bushing/bearings 8a is smaller (depending on the relative areas of space 103 and space 104) and 
so the bushing can have a smaller load rating, allowing for use of a smaller and lighter bushing. 

[0102] ■ Referring to Fig; 1, it can be seen that tiriveshafi-14 is of hollow, construction,. a 
reducing its weight compared to the conventional solid shaft design. As -noted above, the 
pressurized case 55 allows for a further reduction in weight and volume by eliminating the need 
for a separate charge pump. 

[0103] - Many other- modifications and embodiments of the present invention- will* become 
apparent to those skilled. in the art from a reading of. this specification. 

[0104] For example, in other embodiments, the single-piece piston design of Figs.9 and 
10 may be replaced by a prior art piston design such as that depicted in Figs. 7 or 8. 

[0105] Further, while the embodiments described above illustrate the present invention 
in the context of a single-sided variable displacement pump/motor, which varies in angle from a 
zero displacement position (zero degrees) to a large positive displacement angle {such as 54 
degrees) the invention can equally well be embodied in a over-center design, in which the bend 
angle may extend on both sides of a zero displacement position, for example, from positive 54 
degrees to negative 54 degrees. 
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[0106] .Figs- 16 and 17 illustrate an alternate embodiment universal joint shaft of the 
tripode of Fig. 12. Figs . 16 and -17 present two orthogonal section views of the flexible drive 
shaft, "ball-disc" design at its 'maximum bend angle, in this case an angle of about 54 degrees. 
Referring to Fig. 16, drive block ball head shaft 111 -rotates within casing 112 which is inseir 
within the end of the drive shaft (not shown). Drive block ball head shaft 111 articulately joins 
with cylinder barrel head shaft 118 by means of interveningparts. 113-117 and 119. The 
intervening parts forming. the articulating joint'are torque-discs 113 and 114, coupling halves 116 
and 1 17, and retaining pins 119 and 115. In the bending mode depicted in Fig. 16, torque disc 
1 14 has pivoted on retaining pin 119 as has torque disc 113 onretaining pin 1 15. As cylinder . 
block ball head shaft 118 rotates under powejr fern the drive' shaft <not shown), transferred first - 
to drive block-ball head shaft 111, the torque disc 114 receives the bulk of the torque load and 
transmits it to coupling half 117, which in turn transmits it to coupling half 116, torque disc 113, 
and cylinder block ball head shaft 118. Referring to Fig, 17, if will be seen that this ball-disc . 
joint design is universal in that it can accommodate bend angles in the orthogonal plane and in 
any arbitrary plane as well. Here, the bend capability has been provided by the pivot of cylinder 
block ball head shaft 118 within the semicircular recess 116a of coupling half 116, and the . 
similar pivot of coupling half 117 about the semicircular ball head surface 117a of drive block 
ball head shaft 111. Each of coupling halves 116 and 117 has a cup-shaped socket at one end 
and a plurality of sectors similar to those shown as sectors 137 in the embodiment of Figs. 22-26. 

[0107] The advantages of the improved, flexible drive shaft design of Figs. 16 and 17 " 
include reduction in parts count, improved assemblability, improved velocity matching, and 
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improved torque carrying capacity. In considering tripode and other flexible drive shaft .designs 
of the prior art, these advantages become obvious. For example,* with the tripode design as 
depicted in Fig. 1 1,. typically 18 parts (consisting of 8 distinct parts) must be manufactured and 
assembled. Due to poor access to pin locations and to the connecting parts to which the joint 
assembly must mate, the 18 parts will not easily stay together as an' assembly when outside of the 
pump and thus are difficult to place into a pump assembly. Iri.contrast, the design of Figs. 16 and 
17 consists of a total of only 8 parts, of -which 4 are distinct, and will stay together as two halves 
when assembled outside of the pump, and so greatly reduce the difficulty of assembly as well as 
the cost of manufacture. 

[01083- The .simplicity and ruggedness of the joint parts 111-119 of Figs. 16-17 improve . 
the torque load capacity over the prior art designs. In particular, the prior art embodied in the 
tripod shown in Fig. 11 relies on relatively small legs 37a of the central member 37 to transmit 
torque from the central member 37 through the roller 86 and on to- the .drive block member 36. In 
addition, torque transfer from roller 86 to drive block member 36 is performed by way of line 
contact, which increases stress and reduces durability. In contrast, all toque in die embodiment 
shown in Figs. 16-17 is transmitted by way of area contact, which decreases stress and increases 
durability. Moreover, the simple compact design of this embodiment increases the torque- 
carrying capacity of all parts and results in a joint assembly having a smaller packaging envelope 
for the same torque capacity, allowing this joint to be fit into the relatively constrained space 
available in high-angle pump/motors. 
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• [0109] In addition, unlike the prior art, the joint in Pigs.. 16-17 contains.coupling halves 
116 and 177 which are allowed to slide axially in relation to each other. The sliding motion 
maintains strict symmetry of the joint, which allows perfect velocity matching between the drive 
shaft 14 and barrel 19 (Fig. 1). In contrast, the prior art, such- as the tripod shown in Fig. 11, does 
not maintain symmetry' and thus creates variations in velocity and clocking angle between barrel 
32 and drive block 33 (Figs 3). 

[01 10] Figs. 22-26 show a presently preferred embodiment for a universal joint shaft 
connecting the barrel of a pump/motor with a drive shaft. -.The universal joint shaft' includes ball 
members 120 and 124 which are respectively received within a drive shaft 14 and the cylinder 
barrel 19 (Pig. 1). Ball 120 is. integrally formed with a connection device such as threaded collar 
121 which screws into a threaded opening in shaft 14. A plug member 122 integral with ball 120 
Extends further within the shaft l4. Ball member 124 has acollar 125. and a connection device 
such as threaded spindle 126 integral therewith. The threaded spindle 126 is threadedintoa : 
mating threaded, central bore within the' cylinder barrel 19. Balls 120 and 124 are respectively 
received within socket members 132 and 134. The socket members each include a cup-shaped 
socket 133, 135 at one side and a plurality of sectors 137 at its opposite side. The sectors 137, in 
cross-section takenperpendicular to the axis of the universal joint, appear as sectors of an 
annulus, i.e., pie sectors. The sectors 137 of socket members 132 and 134 are pie-shaped and 
interlock to prevent the two socket members from moving laterally relative to each other. The 
balls 120 and 124 are respectively retained in sockets 133 and. 135 by torque transfer pins 140. 
Torque transfer pins* 140, in turn, pivot on and are held against laiteraj displacement from the 

44 



WO 2004/081380 PCT/US2004/005661 

balls and sockets by retention- pins 142. Optional retention rings 144 fit over sockets 133 and . 
135 with holes receiving opposing ends of the retention pins 142 to retain torque transfer pins 
140. Finally, a cage 146 tits over the interengaged sectors 137 of socket members 132 and 134 to 
allow axial movement while retaining alignment 

[01 1 1] As seen in Figs. 24-26, each ball has an hourglass-shaped .opening 148" which 
receives a torque transfer pin 140. Each ball 120 and 124 -can pivot only through that angle a 
allowed by the hourglass-shaped opening 148. • 

[0112] The advantages of this presently preferred embodiment of. Figs. 22-26 include . 
those advantages mentioned for the embodiment exemplified in Figs. 1.6 and 17. la addition, this, 
presently preferred embodiment has improved ease of assembly, improved velocity matching and 
improved torque carrying capacity over the flexible drive shaft design .of Figs. 16 and.17. 

[01 13] The presently preferred embodiment utilizes torque transfer pins 140 in place of 
torque disks 113 and 114. This embodiment strengthens the ball members 120 and 124 when 
compared with ball head shafts 111 and 118, increasing the torque carrying capacity of the joint." 
In addition,* the inclusion of the cage 146 in the piesently preferred embodiment both improves 
the assembly of the universal joint shaft and constrains the joint in a way to improve velocity . 
matching of the halves. 
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[01 14] An alternative embodiment of the new single-piece piston of Figs. 9 and. 10 is - 
shown in Fig. 18. This embodiment contains a piston top 220. and a sliding, sealing ring 222a. 
Ring 222a fits over a narrowed diameter post 224 of rod 223 which allows ring 222a to slide to 
the appropriate position depending on the angle of rod 223. Ring 222b fits tightly around the 
locating post. 224 of rod 223. In this embodiment, ring 222b can be optimized for load bearing 
capability and low. friction and wear, while ring 222a can be optimised for sealing.. 

[0115] Figs. 19 and 20 show an alternative yoke pin with radial porting. Fig. 19 can be 
compared to Fig. 15, and Fig. 20 can be compared to Fig. 2.. Yoke pin housing 238 provides an 
annular chamber 235b supplying fluid to the 'complete circumference of yoke pin 236 tp. allow 
reduced flow pressure losses asfluidilows into port 235a,- while also allowing a. shorter yoke pin 
236. Fig. 20 shows a clear view of the yoke pins 236 and 237. Full circumference radial ports 
23 la, 231b, 236a and- 236b allow .high flow rates with ldw pressure losses. Multipkfribs 242 
and multiple? ribs 243 separate multiple ports 231a and 231b and multiple ports 236a and 236b. 
The shorter yoke pins 236 and 237 are evident. Other features seen in Fig. 19 are identical to- 
those of Fig. 15 and identical reference numerals are employed. likewise, other features shown 
in Fig. 20 are.identical to those shown in Fig. 2 and identicaLreference numerals are employed. . 

[01 16} Fig. 21 shows the ball-disk barrel drive-shaft of Figs. 16 and 17 installed in a 
pump/motor of the present invention, inclined to 54 degrees. The features shown in Fig. 21 are 
numbered identical to the like features shown in Fig. 5, and are identical except for the 
substitution in Fig. 21 of the ball-disc barrel drive shaft of Figs.. 16 and 17 for the tripode barrel 
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[0117]. Referring to Fig. 9, another set of. alternative embodiments would employ 
differing means of attachment of the ball bearing 85 to piston connecting rod 83. This 
modification is based on recognition that a standard ball bearing possesses the necessary 
accuracy and tolerance- of size and shape and therefore its use can obviate, tfie.rieed for the . 
traditional costly and labor intensive precision "machining process that must be employed to form, 
the one-piece ball and piston connecting rod components of the prior art. While a threaded 
connection and a faction weld connection are specifically described in this disclosure, many 
alternate methods of connection .will be obvious to those skilled in the art. * 

[0118] The invention may be embodied in other specific forms without, departing from 
the spirit or essential characteristics thereof. The present embodiments are therefore to be 
considered in all respects as illustrative and not restrictive, the scope of the invention being . 
indicated by the appended claims rather than by the foregoing description, and all changes which 
come within the meaning and range of equivalency of thejclaims are therefore intended to be 
embraced therein. ' 
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We Claim: 

1. A variable displacement hydraulic pump/motor comprising: 

a yoke comprising a pair of axially-aligned shafts defining a pivot axis for said yoke and a 
valve plate connected to and intermediate said shafts and axially offset relative to said shafts, 
said valve plate presenting a valve plate surface having a pair of aic-$haped intake and discharge 
apertures, a radial* port formed in each of said shafts and a pair" of fluid passages internal to s^Ld 
yoke through which fluid flows perpendicularly to said pivot gxis, each fluid passage connecting - 
an arc-shaped aperture with a radial port; 

a cylinder barrel rotatableabout,a longitudinal axis and having aplurality of piston * . 
cylinders formed therein in a circle centered on said longitudinal axis, each piston cylinder being ., 
open at one end of said cylinder barrel to receive a piston recijirocably mounted therein and- • 
opening at a second end of said cylinder barrel through a fluid port, said second end of ^ aid 
cylinder barrel mating with said valve plate surface for intake of fluid from the arc-shaped intake 
aperture to a fluid port in communication with one of said piston cylinders and discharge- of fluid -. 
from another of said piston cylinders through its fluid port and the arc-shaped discharge aperture; 

a drive block mounted on an end of an input/output shaft for rotation about a central axis 
of rotation inclined at an angle of inclination relative to said longitudinal axis; and 

a plurality of piston rods, each piston rod connected at a first end to one of said pistons 
and pivotally connected at a second end to said drive block, said second ends being connected to. 
said drive block in a circular array centered on said axis of rotation. 
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2. A variable displacement hydraulic pump/motor according, to claim 1 wherein ball-in-socket 
joints connect said second ends of said piston rods to said drive block. 

3. A variable displacement hydraulic pump/motor according to claim 1 wherein said yoke ftirther 
comprises a pair of aims having first ends respectively connected to said shafts at said pivot axis 
and second ends fixed to said valve plate, said pump/motor further comprising: 

• drive means for engaging at least one of said first ends of said arms to pivot said yqk& to : 
change said angle of inclination and thereby, change displacement of the pump/motor. 

4. A variable displacement hydrauhG-ikimp/motor according to claim 1 .further comprising;.. 

a housing for said yoke; said cylinder barrel and said drive block, said housing haying a 
pair of bushings respectively receiving said shafts; and 

a pair of Oaring seals, on eachof said shafts and on opposing sides of said radial port, - : 
•forming seals betweeh one of said shafts* and the bushing receiving the one shaft, said O-ring : . 
seals of said pair being slanted, in opposite directions, at an angle of up to 30 degrees to a plane 
perpendicular to said pivot axis. 

5. A variable displacement hydraulic pump/motor according to claim 1 wherein said pair of O-. 
ring seals come closest together at said radial port located therebetween. 

6. A variable displacement hydraulic pump/motor according to claim 1 further comprising: 

a housing containing said yoke, said cylinder barrel, said drive block and a pair of 

49 



WO 2004/081380 PCT/US2004/005661 

bushings respectively receiving said shafts, said housing being hermetically sealed and 
containing lubricating oil at a pressure in excess of 100 psi. 



7. A variable displacement hydraulic pump/motor .according to claim 1. further comprising: 

a universal joint comprising a central member presenting convex spherical surfaces at 
opposing ends thereof, a first guidance member fixed to said drive block and having a flat or 
concave surface mating with n first of .said convex spherical surfaces and a second guidance, 
member fixed to said cylinder-barrel and having a flat or concave surface mating with a second of 
said convex, spherical surfaces, said central member and said guidance member serving -to guide 
and center the relative movement among the input/output shaft, central member and. cylinder. - 
barrel. 

8. A variable displacement hydraulic pump/motor according to claim 1 wherein the crrple,in 
which said piston cylinders' are arranged has a diameter relative to-, a. diameter of said circular 
array allowing said cylinder barrel to be pivofed relative to said drive block between a zero 
displacement angle of inclination where the piston rods just clear a radially outward edge of . the . 
cylinder opening at said one end and a maximum displacement angle of inclination where the 
piston rods just clear a radially inward edge of the cylinder opening, at said one end 

9. A variable displacement hydraulic pump/motor according to claim 1 further comprising: ■ 

a raised annular grid extending from said second end of said cylinder barrel, said fluid 
ports being surrounded and separated by said grid; and . 
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a second raised annular area extending from said second end of said cylinder barrel 
coextensive with and spaced radially outward from said annular grid. 



10. A variable displacement hydrauliG pump/motor according to claim 1 wherein said cylinder 
barrel is flared outward at said second end. 

11. A variable displacement hydraulic pump/motor according to claim 9 "wherein said second 
raised annular area is circumferentially segmented by gaps between the segments. 

12. A variable displacement hydraulic pump/motor according to claim 1 wherein said pistoa - 
comprises a piston comprising a piston head in the form of a portion; of a. sphere, a piston.rod 
joined to said piston head at a point of attachment and a spherical ball attached at an end of said 
piston rod opposite said piston head^ said piston head having a pressure receiving face opposite . 
said point of attachment; 

wherein said piston head defines a plane parallel to said pressure receiving face and 
extending through a center of said sphere portion whereby a diameter of said sphere lies within 
said plane, said piston further comprises a sealing piston ring and a circumferential groove 
receiving said piston ring and disposed with said planar cutting therethrough; and 

wherein said piston head, said piston rod and said spherical ball are integrated together in 
a non-articulating manner. 
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13. A variable displacement hydraulic pump/motor accordingtoclaim 1 wherein said piston 
comprises a piston head, a piston rod joined to said piston head at one end and to a spherical ball . 
at an opposite end, said one' end of said piston rod having a reduced diameter forming a post, and 
first and second-sealing rings mounted on said post, said first sealing ring arranged axially 
intermediate said piston head and said second sealing ring, said second sealing ring being tightly 
fitted on said post and said first sealing ring being more loosely.mounted on. said post for sliding 
movement relative to said post. 

• 14. A variable displacement hydraulic pump/motor according tq-claiml- further comprising: - 
a universal joint comprising a drive block shaft fixetf'to said drive block, a first torque . 
disc rotatably mounted in an end of said drive block shaft, a cylinder barrel shaft fixed to said 
cylinder barrel, a second torque disc rotatably mounted in an end of said cylinder barrel shaft and 
a pair of pi vo tally connected coupling halves, each of said- coupling halves having a recess 
receiving one of said torque discs. 

15. A variable displacement hydraulic pump/motor according to claim 1 wherein .the circle on . 
which said piston cylinders are centered in said barrel has a diameter which is smaller than a . 
diameter of said circular array in said drive block. 

16. A variable displacement hydraulic pump/motor according to claim 1 

wherein each of said fluid ports is defined by radially inward and radially outward arcuate 

* * r 

surfaces and generally radially extending surfaces joining said arcuate surfaces said radially 
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inward and radially outward arcuate surfaces defining a center line therebetween which is 
radially outward of a central, longitudinal axis of an associated cylinder bore. 



17. A variable displacement hydraulic pump/motor according to claim 16 wherein said radially 
outward arcuate.surface extends circumferehtially substantially beyond a cross-section of the 
associated cylinder bore.- 

18. A variable displacement hydraulic pump/motor according to claim 1 wherein said piston 

rods are tapered from saidiirst ends connected to said pistons to said second ends connected to - 
balls pivotally engaged in sockets within said drive block, said firstends having* a larger diameter . 
than said second ends.. 

19. A variable displacement hydraulic pump/motor according to claim 18 wherein bodies of said 
pistons are integrally formed with said pistqn rods and said balls in a single piece construction. 

20. A variable displacement hydraulic pump/motor comprising: 

a yoke comprising a pair. of shafts aligned to define a yoke pivot axis, a pair of aims 
having first ends on said pivot axis and respectively fixed to said shafts, said arms extending . 
perpendicular from said shafts to said second ends, and a valve plate connected to and extending, 
between said second ends, said valve plate presenting a valve plate surface having intake and 
discharge apertures; 

a cylinder barrel mounted for rotation about a longitudinal axis and having a plurality of 
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piston cylinders formed therein in a circle centered on said longitudinal axis, each piston cylinder 
being open at one end of said cylinder barrel to receive a piston head reciprocably mounted 
therein and-having a cylinder opening at "a second end of said cylinder barrel, said second end of 
said cylinder barrel presenting an end surface mounted flush against said valve plate surface 
whereby said cylinder openings come info communication alternately with said intake and 
discharge apertures as said cylinder barrel rotates; 

a drive block mounted on an end of an toput/output shaft for rotation about a central axis 
of rotation inclined at an angle of inclination relative to said longitudinal axis; 

a plurality of .piston rods, each piston rod connected at a first end to one of -said pistons • 
and pivotally conneotedat a second end to said drive block, gaid second .ends .being connected to 
said drive block in a circular array centered on said axis of rotation;' and 

drive means for engaging at least one of said first ends of said arms to pivot said yoke to 
change angle of inclination. . 

21. A variable displacement hydraulic pumpAnotor according to claim 20 wherein said drive 
means includes engagement means integrally formed on said one first ends of said arm and • 
wherein said shafts are integrally, formed with said arms and said valve plate, whereby said yoke 
has a single piece construction. 

22. A variable displacement hydraulic pump/motor according to claim 20 wherein said drive 
block comprises a drive block body having sockets with socket openings at one surface and a 
retention plate, having plate openings corresponding to and smaller than said socket openings, 
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with balls fixed to said second ends of said piston rods and retained within said sockets by said, 
retention plate. . 



23. A variable displacement hydraulic punip/niotor according to claim 22 wherein said retention 
plate is thinner adjacent at least one side of said plate openings. 

24. A variable displacement hydraulic pump/motor according to claim 20 wherein :the circle on 
which said piston cylinders are centered in said barrel has a diameter which is smaller than a 
diameter of said Circular array in said drive block. 

25. A variable displacement hydraulic pump/motor according to claim.20 wherein said drive . 
means comprises a gear sector formed on at least one of said first ends of said arm and a rack 
having teeth meshing with said gear sector. 

26. A variable displacement hj'draulic pump/motor according to claim 20 further comprising: 

a universal joint comprising a central member presenting convex spherical surfaces at 
opposing ends thereof, a first guidance member fixed to said drive block and having a flat or 
concave surface mating with a first of said convex spherical surfaces and a second guidance - 
member fixed to said cylinder barrel and having a flat or concave surface mating with a second of 
said convex, spherical surfaces, said central member and said guidance member serving to guide 
and center the. relative movement among the input/output shaft, central member and cylinder 
barrel. 
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27 . A variable displacement hydraulic pump/motor comprising: 

a yoke comprising a pair of shafts aligned to define a yoke pivot axis, a pair of aims . 
having first ends on said pivot axis and respectively fixed to said shafts, said aims extending 
perpendicular from said shafts to said second ends, and a valve plate connected to and extending 
between said second ends, said valve plate presenting a valve plate surface having intake and- 
discharge apertures; 

a cylinder barrel mounted for. rotation about a longitudinal axis and having a. plurality of 
piston cylinders formed therein in a circle centered on said longitudinal axis, each piston cylinder 
being open at one end of said cylinder barrel to receive apiston head ieciprocably.mounted 
therein and having a cylinder opening at a second end of said cylinder barrel, said second end of • 
said cylinder barrel presenting an end surface mounted flush against said valve plate surface 
whereby said cylinder openings come into communication alternately with said intake and 
discharge apertures as said cylinder barrel rotates; 

a drive block mounted on an end of an input/output, shaft for rotation about a central axis 
of rotation inclined at an angle of inclination relative to said longitudinal axis; and 

a plurality of piston rods, each piston rod connected at a first end to one of said pistons 
and pivotally connected at a second end to said drive block, said second ends being connected to 
said drive block in a circular array centered on said axis of rotation; . 

wherein each of said cylinder openings is defined by radially inward and radially outward 
arcuate surfaces and generally radially extending surfaces joining said arcuate surfaces said . 
radially inward and outward arcuate surfaces defining a center line therebetween which is 
radially outward of a central, longitudinal axis of an associated cylinder bore. 

56 



WO 2004/081380 PCT/US2004/005661 

28. A variable displacement hydraulic pump/motor according to claim 27 wherein said radially 
outward arcuate surface extends circumferentially substantially beyond a cross-section of the 
associated cylinder bore. 

29. A variable displacement hydraulic pump/motor according to claim 27 wherein said radially, 
inward and radially outward surfaces and said radially extending surfaces extend.axially outward 
to form* a first raised annular area on said end surface substantially radially inward of the 
circumferential edge of said end surface. 

30. A variable displacement hydraulic pump/motor accprding to claim 29 further comprising.a 
second raised annular area on .said end surface spaced radially outward of said first.raised annular 
area. 

31. A variable displacement "hydraulic pump/motor according to.claim 27 wherein said piston . 
comprises a piston comprising a piston head rn the form of a portion of a sphere, a piston rod 
joined to said piston head at a point of attachment and a spherical ball- attached, at an end of said . 
piston rod opposite said piston head, said piston head having a pressure receiving face opposite 
said point of attachment; 

wherein said piston head defines a plane parallel to said pressure receiving face and 
extending through a center of said sphere portion whereby a diameter of said sphere lies within 
said plane, said piston further comprises a sealing piston ring and a circumferential groove 
receiving said piston ring and disposed with said planar cutting therethrough; and 
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wherein said piston head, said piston rod and said spherical ball are integrated together in 
a single piece construction. 

32. A variable displacement hydraulic pump/motor according to claim 27 further comprising: 

a housing containing said yoke, said cylinder barrel, said drive block and a pair of 
bushings respectively receiving said shafts, said housing being hermetically sealed and 
containing lubricatirig-oil at a pressure in excess.of 100 psi. 

33. A variable displacement hydraulic pump/motor comprising: . 

ayoke comprising apairof shafts aligned to define a yoke piyot axis, a pair of arms:*, 
having first ends on .said pivot axis and respectively fixed to said shafts, saidarms extending . 
perpendicular from said shafts to said second ends, and a valve plate connected to and extending 
between said second ends, said valve plate presenting a valve plate surface having intake and 
discharge ^ertures; 

a cylinder barrel mounted for rotation'about a longitudinal axis and having a plurality of 
piston cylinders formed thereinin a circle centered on said longitudinal axis, each' piston cylinder 
being open at one end of said cylinder barrel to receive a piston head reciprbcably mounted 
therein and having a cylinder opening at a second end of said cylinder barrel, said second end of 
said cylinder barrel presenting an end surface mounted flush against said valve plate surface 
whereby said cylinder openings come into communication alternately with said intake and 

discharge apertures as said cylinder barrel rotates; ■ 

■ **.•., * 

a drive block mounted on an end of an input/output shaft for rotation about a central axis 
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of rotation inclined at an angle of inclination relative to said longitudinal axis; and 

a plurality of piston rods, each piston rod connected at a first end to one of said pistons 

and piYotally connected at a second end to said drive block, said second ends being connected to 

said drive block in a circular array centered on said axis of rotation; 

a universal joint comprising a drive block shaft fixed to said drive block, a first torque 

disc rotatably mounted in an end of said drive block shaft, a cylinder, barrel shaft fixed to said 

cylinder barrel, a second torque disc rotatably mounted in an end of said cylinder barrel shaft and 

a pair of pivotally connected coupling halves, each of said coupling halves having a semicircular 

recess receiving one of said torque discs. 

34. A variable displacement hydraulic pump/motor comprising: . 

: a yoke comprising a pair of shafts aligned to define a yoke pivot axis, a pair of arms 
having first ends on said pivot axis and respectively fixed to said shafts,., said arms extending . 
perpendicular from said shafts to said second ends, and a valve plate connected to and extending 
between said second ends, said valve plate presenting a valve plate surface having intake and 
discharge apertures; 

a cylinder barrel mounted for rotation about a longitudinal axis and having a plurality of 
piston cylinders formed therein in a circle centered on said longitudinal axis, each piston cylinder 
being open at one end of said cylinder barrel to receive a piston head reciprocably mounted 
therein and having a cylinder opening at a second end of said cylinder barrel, said second end of 
said cylinder barrel presenting an end surface mounted flush against said valve plate surface 
whereby said cylinder openings come into cpmmunication alternately .with said intake and 
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discharge apertures as said cylinder barrel rotates ; 

a drive block mounted on an. end of an input/output shaft for rotation about a central axis 
of rotation inclined at an angle of inclination relative to skid longitudinal axis; 

a plurality of piston rods, each piston rod connected at a first end to one of said pistcBas 
and pivotally connected at a second end to said drive block, said second ends .being connected to* 
said drive block in a circular array centered on -said axis of rotation; and . 

a universal joint comprising a central member presenting convex spherical surf ages at . 
opposing ends thereof, a first guidance member fixed to said drive block and having a flat or 
concave surface mating with a first of said convex spherical surfaces .and a second guidance 
member fixed to said cylinder barrel and having a flat or concave surface mating with a second of 
said convex,:spherical surfaces, said central member and said. guidance.member serving to guide . . 
and center the relative movement among the input/output shaft, central member and cylinder 
barrel. "*. 

35. A piston comprising a piston head, a piston rod joined to said piston head at one end and to a 
spherical ball at an opposite end, said one end of said piston rod having a reduced diameter . 
forming a post, and first and second sealing rings mounted on said post, said first sealing ring . . r 
airanged axially intermediate said piston head and said second sealing ring, said second sealing 
ring being tightly fitted on said post and said first sealing ring being more loosely mounted on 
said post for sliding movement relative to said post. 
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36. A variable displacement hydraulic pump/motor comprising: . 

a yoke comprising a pair of shafts aligned to define a yoke pivot axis, a pair of arms 

having first ends on said pivot axis and respectively fixed to said shafts, said arms extending 

.■ • *•* 

perpendicular from said shafts to said second -ends, and a valve plate connected to and extending 

between-said second ends, said valve^ plate presenting a valve plate surface having intake and 

discharge apertures; . 
« 

a cylinder barrel having one end flared to form a larger end face than an end face at an . 
opposite end of said cylinder banel, said cylinder barrel being mounted for rotation about a 
longitudinal axis and having a plurality of piston cylinders, formed therein in a circle centered on 
the longitudinal axis, each. of said piston cylinders fomied-theieiixin a circle centered on the 
longitudinal axis, each of said piston cylinders being open at said opposite end to receive/a piston 
reciprocably mounted therein and having a fluid port at said one end, said one end being sealed 
against said valve plate surface, whereby the fluid ports come into communication alternately. • 
with the intake and discharge apertures as said cylinder barrel rotates; 

a drive block mounted on an end of an input/output shaft for rotation about a central axis 
of rotation inclined at an angle of inclination relative to said longitudinal axis; and 

a plurality of piston rods, each piston rod connected at a first end to one of said pistons 
and pivotally connected at a second end to said drive block, said second ends being connected to 
said drive block in a circular array centered on said axis of rotation. 

37. A variable displacement hydraulic pump/motor according to claim 36 wherein said one^nd 
face has a raised circumferential annular ridge at an outer periphery and a raised inner annular 
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grid surrounding and isolating each of the fluid ports and radially spaced from said annular ridge, 
said annular ridge and said annular grid sealing against said valve plate surface. 

38. A variable displacement hydraulic pump/motor according to claim 36 

wherein each of said fluid ports is defined by radially inward and radially outward arcuate 
surfaces and generally radially extending surfaces joining said arcuate surfaces said radially 
inward and radially .outward arcuate surfaces defining a center line therebetween .which is 
radially outward of a central, longitudinal axis of an associated cylinder bore. 

39. A variable displacementhydraulic pump/motor according to claim 1 further comprising.a 
universal j oint, said universal joint comprising: 

first and second socket members each having a concave spherical socket at one end 
thereof and a plurality of annular sectors at an opposite end thereof, said sectors of one joint 
member -interlocking with the sectors of a second joint member toiopk the .two socket members 
together for turning as a unit and for preventing lateral displacement of one socket member 
relative to the other, 

apair of ball members each having a convex spherical surface seated within one of said 
concave sockets, each of said ball members having an extension for connection to, respectively, . 
said input/output shaft and said cylinder barrel, and said ball members each having a slot through 
the ball in cross-section; 

a pin extending laterally through said socket and through said slot of a ball member 
mounted within said socket for retaining a ball member within a concave socket and for 
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transmitting torque from said ball to said socket. 

40. A variable displacement hydraulic pump/motor according to claim 39 further comprising: 

a cage surrounding said interlocking sectors for aligning said socket members. 

41. A variable displacement- hydraulic pump/motor according to claim 20 further comprising a. 
universal joint said universal joint comprising: . 

first and second socket members each having a concave spherical socket at one end 

r 

thereof and a plurality of annular sectors at an opposite end thereof, .said sectors of one joint 
member interlocking with.the .sectors of a. second joint member to lock the two socket members 
together for turningas a unit and for preventing lateral displacement of one socket member 
relative to the other; 

a pair of ball members each having a convex spherical surface seated within one of said . 
concave sockets, each of said ball members having an extension for connection to, r^pectively, 
said input/output shaft and said cylinder barrel, and said ball members each having a slot through 
the ball in cross-section; and 

a pin extending laterally through said socket and through said slot of a bali member . . 
mounted within said socket for retaining a ball member within a concave socket and for . * . 
transmitting torque from said ball to said socket. 

42. A variable displacement hydraulic pump/motor according to claim 27 further comprising a 
universal joint, said universal joint comprising: 
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first and second socket members each having a concave spherical socket, at one end 
thereof and a plurality of annular sectors at an opposite end thereof, said sectors of one joint 
member interlocking with the sectors of a second joint member to lock the two socket members 
together for turning as a unit and for preventing lateral displacement of one socket member 
relative to the other, * 

a pair of ball members each having a conyex spherical siftf see seated within one of said 
concave sockets, each of said ball members having an extension for connectipntOk respectively, 
said input/output shaft and said cylinder barrel, and said ball members each having a slot through 
the ball in cross^section; and 

a pin extending laterally through said socketand through said slot of a ball- member . 
• mounted within said socket for retaining a ball member within a concave socket aadfor... 
transmitting torque from said ball to said socket 

43. A variable displacement hydriaulic pump/motor according to claim 36 further comprising a 
universal joint, said universal joint comprising: 

first and second socket members each having a concave spherical socket at one end . 
thereof and a plurality of annular sectors at an opposite end thereof, said sectors of one joint 
member interlocking with the sectors of a second joint member to lock the two socket members 
together for turning as a unit and for preventing lateral displacement of one socket member 
relative to the other; 

a pair of ball members each having a convex spherical surface seated within one of said 
concave sockets, each of said ball members having an extension for connection to, respectively, 
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said input/output shaft and said cylinder barrel, and said ball members each having a slot through 
the ball in cross-section; and 

a pin extending laterally through said socket and through said-slot of a ball member 
mounted within said socket for retaining a ball member within a concave socket and for 
transmitting torque from said ball to said socket. 

44. A universal joint comprising: ... 

first and second socket members each having a concave spherical socket at one end 
thereof and a plurality of. annular sectors at an opposite end thexeof, .said -sectors of one joint «. 
member interlocking with the sectors of a second joint mernberto lock the two. socket members 
togetheiifor turning as.a unit and for preventing lateral displacement .of one socket member 
relative to the other; 

a pair of ball members each having a convex spherical surface seated within one- of .said 
concave, sockets; eachtrf said ball members having an extension fox connection tp, respectively, 
said input/output shaft and said cylinder barrel, and said ball members each having a slot through 
the ball in cross-section; and 

a pin extending laterally through said socket and through said slot of a ball member 
mounted within said socket for retaining a ball member within a concave socket and for • 
transmitting torque from said ball to said socket 
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